). These two ligand binding proteins form a superfamily with TO and the 0.9 protein. The latter was previously studied in this laboratory, because it is encoded adjacent to the period gene and is expressed at eclosion, which is under clock control (Lorenz et al., 1989) .
The sequence similarity between TO and the known lymph JHBP from Manduca sexta shows an overall 24% "X" refers to a cross-reacting band.
identity and 54% similarity (data not shown Figure 2A ). It also has an feeding. Although there is no effect of a to mutant on locomotor activity rhythms, there are mutant phenoalmost identical secondary structure prediction profile with that of to (data not shown). Strikingly, the two cystetypes, which indicates a relationship between starvation, locomotor activity, and survival. We propose a ines implicated in disulfide bond formation and ligand binding are absolutely conserved throughout the family novel circadian regulatory pathway in which to conveys temporal and food status information to feeding activi-(Wojtasek and Prestwich, 1995), suggesting that TO also has a ligand binding property. ties, including locomotor activity.
Phylogenetic analysis using both maximum likelihood and distance matrix methods showed that TO is more Results closely related to hemolymph juvenile hormone binding proteins than to the nuclear JP29 (data not shown). In TO Shows Daily Cycling Expression to mRNA levels oscillate during a circadian cycle (W. V. addition, the TO N-terminal 18 amino acids are predicted to be a signal peptide (SignalP V2.0, Nielsen et al., 1997). So et al., submitted). To confirm that TO protein levels also oscillate, a TO-specific antibody was generated.
Therefore, TO may be a secretory protein. To address this possibility, to RNA and protein levels were meaImmunoblotting results are consistent with the mRNA data ( Figure 1 ). TO levels exhibit daily oscillations and sured in both bodies and heads ( Figures 2B-2D ). Consistent with the secretion hypothesis, to body mRNA levels peak at around ZT21 to ZT2, a 3 to 4 hr delay from the mRNA peak (W. V. So et al., submitted). The effects of are very low despite significant body protein levels (Figure 2) . central clock mutations on TO were similar to the effects on to RNA: in all four arrhythmic clock mutations, the We considered that to body mRNA levels might be 4B and 4C) . The starvation-induced enhanced expression was also intense staining of to mRNA in the antennae (data not shown), which is an olfactory organ in insects. Therefore, detectable at the protein level ( Figure 4B ). Note that the rapid reversal by refeeding was much less obvious at to mRNA is present in structures related to feeding and smelling, in addition to being in the brain. the protein level, most likely because of a delayed effect on protein by mRNA changes. No enhanced expression was observed with heat shock or oxidative stress (paratakeout Is Induced by Starvation Encouraged by this localized expression pattern, we quat treatment; data not shown). Interestingly, an increase in to gene expression was tested to involvement in feeding by measuring expression levels under starvation conditions. This is because most prominent when the flies were deprived of food at the peak of the mRNA cycle (W. V. So et al., submitted; starvation effects are common for genes involved in lipid and glucose metabolism and even in the regulation of Figure 4 ), suggesting that functional clock machinery may be required for this starvation-driven increase in appetite (North, 1999). Indeed, to mRNA levels were increased after 9 to 10 hr of food deprivation, and a 2 expression. Consistent with this notion, induction was evening peaks observed under standard LD conditions In addition, TO protein levels in ry 506 were noncycling ( Figure 7A ). The percentage of active flies slowly deand reduced 3-fold compared to trough levels of a wildcreases during the two days without food ( Figure 7C ). type (wt) strain ( Figure 6B ). TO levels in ry 506 were also By both criteria, ry506 flies become less active more not increased in response to starvation (data not shown).
quickly, i.e., exhibit defects in both circadian activity These effects were not due to the ry 506 mutation itself, and survival under these conditions. They showed only because other lab strains bearing the same ry mutation two peaks of activity, the second significantly smaller showed normal to expression ( Figure 6A and data not than the first, and the average death time (50% inactive shown). to maps far from ry: to is located at 96B19-96C6 flies) was 30 hr for wt flies and 20 hr for the ry 506 strain (data not shown), whereas ry is located at 87D11. The ( Figures 7A and 7C) . However, the ry 506 were more active ry 506 mutation was generated by ␥-ray mutagenesis, sugthan wt flies during the activity decline that followed the gesting that a significant DNA lesion might be present first activity peak. at the to locus. To test this directly, a PCR analysis To confirm that the differences between ry 506 and the across the to genomic area was performed in the ry 506 wt strain are the result of the to mutation, we introduced strain. To facilitate the analysis, the genomic sequence of to was obtained (Experimental Procedures). The PCR two transgenes into a to mutant background: a tim GAL4 with convincing to transgenic rescue. The starvation mutants tested. Based on run-on experiments, to cycling is largely transcriptional, as previously described paradigm was inspired by the to expression pattern, which is localized to body tissues that are relevant to for per and tim (So and Rosbash, 1997; W. V. So et al., submitted). But the to mRNA cycle peaks several hours food detection and metabolism: the cardia, the crop, and the antennae. mRNA levels are increased by starvaafter per and tim, and to transcriptional oscillations may not be dependent on a cis-acting E box. This issue is tion, in the brain as well as these body tissues, and to affects survival and locomotor activity patterns under addressed elsewhere (W. V. So et al., submitted). We presume that clock regulation of to expression these conditions. On this basis, we suggest that the to brain expression is also relevant to feeding.
contributes to metabolic and even behavioral fluctuations that are relevant to food and feeding. This relationBefore analyzing to body expression and the locomotor activity patterns under starvation conditions, we tried ship is underscored by the to starvation response and the lack of a response to starvation in the arrhythmic to find a to behavioral phenotype under normal conditions. This was also based on a prior report that rosy clock mutant backgrounds. The latter observation implies that the upregulation occurs through a clock mechalleles have a late eclosion phase, although the freerunning period of locomotor activity and eclosion is noranism or perhaps requires a functional clock. Consistent with this notion, per 01 and tim 01 flies die even more rapidly mal (Newby and Jackson, 1993). We could reproduce this phenotype and also found a reproducible delayed than to flies under starvation conditions (data not shown). As all to positive tissues appear to express per locomotor activity phase in ry 506 flies. But the eclosion profiles and the delayed locomotor activity phase of the and tim, this relationship between the circadian clock and to expression might be intracellular. Based on runry 506 lines were not rescued with a ry ϩ transgene, and they were also unaffected by the presence or absence on assays (W. V. So et al., submitted) and previous studies on clock gene function (So and Rosbash, 1997), of the to deletion (data not shown).
to gene expression is not only under starvation control we assume that to transcription rates are changing in response to starvation. A circadian regulation of imporbut also under clock gene control. It exhibits daily oscillating expression and is downregulated in all the clock tant output functions is consistent with the proposed Figure 7E ). In any case, the to responses appear specific for starvahoff et al., 1990). RBP serves to regulate retinol release from the liver and to transport the insoluble retinol to tion, because there was no effect of heat shock or paraquat on to gene expression (data not shown). Moreover, peripheral target tissues. In general, these small, secreted transporters also serve to protect the ligands there was no difference in survival between the to and wild-type strains in response to these two other stresses from degradation or chemical modification in the circulation. Lipocalin family members display low levels of (Figures 7F-7G) . Although a more detailed examination of the behavoverall sequence conservation, i.e., pairwise sequence ioral phenotype is required, two molecular issues are identity is often below 20%, the threshold for reliable now of great interest. It is important to identify the putaalignment. However, after the initial identification of this tive TO ligand, as well as its putative intracellular recepfamily (Pervaiz and Brew, 1999) , a growing number of tor. Identification of both of these molecules will provide crystallographic structures have been solved, and they important tools and should help deepen our understandreveal a compelling structural similarity (Cowan et al., ing of the relationship between food and circadian 1999).
rhythms. The levels of this putative TO ligand might be clockregulated. In this case, TO would serve to amplify or 
